Thermodynamic properties of liquid H sub 2 O and D sub 2 O and their mixtures by Salomon, M.
-’, IJ , -  A 
THERMODYNAMIC PROPERTIES 
OF LIQUID H,O AND D,O 
AND THEIR MIXTURES 
:I 
by Mark Sdomon 
Electronics Research Center 
Cambridge, Mass. 
N A T I O N A L  AERONAUTICS A N D  SPACE A D M I N I S T R A T I O N  WASHINGTON,  D.  C .  M A Y  1 9 6 9  
https://ntrs.nasa.gov/search.jsp?R=19690016869 2020-03-23T21:05:18+00:00Z
TECH LIBRARY KAFB, NM 
I I I  I I  1111 I lll111# 1Il1 Ill 
0333977 
THERMODYNAMIC PROPE RTIE S 
OF LIQUID H 2 0  AND D20 AND THEIR MIXTURES 
By Mark Salomon 
Electronics Research Center 
Cambridge, Mass. 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
For sa le  by the Clearinghouse for Federol  Scient i f ic  and Technica l  Information 
Springfield, V i rg in ia  22151 - CFSTI price $3.00 
ABSTRACT 
The liquid and gas phase equilibria H 2 0  + D 2 0  = 2 H D 0  have 
been reinvestigated. By combining spectroscopic and vapor 
pressure data, fairly good agreement is found between the experi- 
mental and calculated enthalpy for the liquid phase reaction. 
It is found that the value of the equilibrium constant for the 
liquid phase reaction is very close to the geometric mean value 
of 4.0. 
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SUMMARY 
The thermodynamics of the two isotopic equilibria 
H O  2 (E) +D20(R) = 2HDO(R) Dl 
1 
and 
have been studied with the object of obtaining more accurate 
values for the equilibrium constants. By using the experimental 
data for the vapor pressures of liquid H20, D20, and HDO, together 
with the spectroscopic gaseous data, the free energies and en- 
thalpies of reactions [l] and [2] were calculated. The only 
accurate experimental data relating to either [l] or [a] is the 
heat of mixing of liquid H20 and D20. The results of the present 
calculation give a value of 33.2 calories per mole for the heat 
of mixing which is close to the experimental value of 32 calories 
per mole. 
INTRODUCTION 
Many investigators involved in hydrogen-deuterium studies 
in solution either directly or indirectly make use of the equi- 
c libria 
H O  2 ( a )  +D20(R) 2HDo(R) 
Values for the equilibrium constant K(1) for reaction [l] have 
been measured directly (refs. 1-3), have been calculated by an 
indirect method (ref. 4 ) ,  and have been calculated from spectro- 
scopic data (refs. i,5-8). Despite these many attempts to arrive 
at a value of K ( I ) ,  there exist several discrepancies between 
calculated values, depending upon the source of the spectroscopic 
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data (refs. 9,10), the method of calculation, and also between 
the experimental values and the geometric mean value of four 
obtained by Pyper and Long (ref. 4). In general, calculated 
values of K(1) based on Darling and Dennison's (DD) data (ref. 9) 
are higher than those based on the data of Benedict et. al. 
(ref. 10) (BGP). The experimental values tend to indicate higher 
values than those obtained from the BGP data, but they are some- 
what smaller than those values obtained from the DD data. Weston 
(ref. 11) has recently discussed this problem and suggests that 
some accurate determination of K (11) , 
2 (9) + HDo (9-1 = H  (9) + H2°(g) HD 
would help resolve this problem. In this report, an additional 
criterion is suggested and investigated with the object of help- 
ing to resolve this problem. The additional criterion suggested 
here is the standard enthalpy of reaction [l], viz., AHo(I) which 
is chosen as a valid criterion because it is the only quantity 
which can be easily and accurately measured experimentally. The 
measured value of AHO(1) is 32 cal/mole (refs. 12,13). 
METHOD 
Since spectroscopic data for liquid species are not accurate 
enough to permit one to calculate K(I), the procedure used here, 
following Kirshenbaum's suggestion (ref. 71, is to relate reac- 
tion [l] to the gas phase equilibrium reaction: 
via the relation 
= K(II1) 
0 .  
'H,O ';,O 
L L 
[ 4 1  
In Eq. [4], po is the vapor pressure of the pure liquid indicated 
by the subscript. In terms of standard free energies, Eq. [4] 
2 
can be written as 
Because HDO can exist only in a mixture of H 0 and D20, its vapor 
pressure cannot be measured directly. This problem has often 
been avoided by assuming that the rule of the geometric mean 
(ref. 14) is applicable; i.e.: 
2 
4 
and hence that 
I 
A G O  (I) = A G O  (1111. 
However, application of the rule of the geometric mean to the 
vapor pressures does not give acceptable AHo(I) values. The 
vapor pressure ratio 
can be measured in dilute D-containing solutions by single-stage 
equilibrium experiments. Narten (ref. 8) has combined two sets 
of data (refs. 15,16) to arrive at the relation: 
11.6763 
- 185.586 
'H20 
In = -0.033198+T 
PHDO 
C6l 
where T is temperature in degrees Kelvin. The experimental rela- 
tion for 
3 
is given by Miles and Menzies (ref. 17) as 
r H 2 0  
268*843 - 7.4972 log T 
T 
log ,o - 16.9987 - 
rD20 
[71 
+ 9 . 7 6 1 1 ~ 1 0 - ~ ~  4.4288~10 -6T2 
t' 
Another relationship obtained by Whalley (ref. 18) is that result- J 
t 
1 
ing from a least squares refinement of several sets of data and is 
9.14056 
75.753 + t 
r H 2 0  
'D20 
log -7 = -0.030661 + 
where t is the temperature in degrees centigrade. Narten (ref. 8) 
used Eqs. [6] and [8] to evaluate the term in curly brackets in 
Eq. [5] and combined this with the free energy functions cal- 
culated by Friedman and Haar (ref. 19) and found AH"(1) = 137 
cal/mole. Whalley (ref. 18) has pointed out that Eq. [8] gives 
acceptable results for temperatures above 100°C, but deviates 
significantly from the experimental relation [7] below this 
temperature. In the present calculations, the correct value of 
AHo(I) was obtained only by using Eqs. [6] and [7]. 
To calculate K(1) values, the corresponding K(II1) values 
are required. To calculate K(II1) values, the spectroscopic 
data of BGP and DD [as quoted by Kirshenbaum (ref. 711 were used. 
The familiar statistical mechanical procedures (ref. 2 0 )  were 
employed in the calculation. The translational partition func- 
tion (p.f.1 was calculated in the usual manner. Since there is 
no explicit formula for the rotational levels of an asymmetric 
top molecule, use was made of the approximate relation given by 
Herzberg (ref. 21) : 
where A, B, and C are the effective rotational constants defined 
4 
. .. . . . m . ... . . . . . ,  , 
A = A e - c.4 (vi+:) 
B = Be - c a :  (vi + $) 
c = c - x u ;  (Vi+$) . e 
BGP have evaluated the nine molecular constants ai for each iyo- 
tope whereas DD have evaluated similar, but not equivalent, ai 
values. Herzberg (ref. 21) re-evaluated the DD a i  values in 
terms of the ai constants for H20 only, and they are very simi- 
lar to those reported by BGP. Hence the BGP ai values have been 
used for HDO and D 2 0  in all the calculations presented in this 
report. 
The vibrational p.f. was evaluated from the relation 
hc = C exp - G(V ) -  qv i kT 
where 
G(Vi) = c Ui(Vi+$)+ c Xij(Vi+$)(Vj+$, . c121  
i i< - j 
In Eq. 12, the are the zero-order frequencies and the Xij are 
the anharmonicitles. Both the Ui and Xij values reported by BGP 
and DD differ slightly except for HDO where the difference is 
very large. The result is that the zero point energies for HDO 
vary accordingly as seen in Table I. The DD data indicate the 
only important states to be (0, 0, 0) and (0 ,  1, 0) and the BGP 
data show no important contributions to G(vi) beyond the second 
vibrational state. The calculations presented here, however, 
were carried out for all possible combinations of VI, v2, and v3 
up to the fourth vibrational state. The results were practically 
identical whether the first, second, third, or fourth vibrational 
states were considered. All these calculations were carried out 
on a Univac 1108 computer located at the NASA Manned Spacecraft 
Center, Houston, Texas. In all cases the effects due to nuclear 
spin have been ignored. 
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TABLE I 
ZERO POINT ENERGIES* FOR ISOTOPIC WATERS 
Data of Dennison 4 6 3 1 . 2 4 7  3 3 8 6 . 2 3 8  
RESULTS AND DISCUSSION 
0 
0 
2 5  
5 0  
7 5  
80  
100 
Table I1 gives the results of the calculations for the 
gaseous reaction [31. 
phase reaction [l] obtained from the vapor pressure relations 
[ 6 ]  and [ 7 ]  and Eq. [ S I .  Table IV gives the results of a least 
squares fit to the relation 
Table I11 gives the data for the liquid 
Data of Dennison Data of Benedict 
- - 
K(II1) 
3 . 4 0 9  1 1 8 . 1 0  3 . 9 8 5  5 6 . 6 2  
4 . 0 1 9  5 4 . 6 1  3 . 4 7 1  1 1 6 . 0 6  
4 . 0 4 7  5 2 . 4 1  3 . 5 2 4  1 1 3 . 8 2  
4 . 0 7 1  5 0 . 0 5  3 . 5 6 8  1 1 1 . 4 1  
4 . 0 7 5  4 9 . 5 6  3 . 5 7 6  1 1 0 . 9 0  
4 . 0 8 3  4 8 . 5 6 1  3 . 5 9 2  1 0 9 . 8 9  
AH" (III)* I K(I1-I) ~ AH" (III)* 
~ - _  
2 AG"(1) = A + BT + CT . 
The first entry in Table IV, which is one of the ERC results, is 
in very good agreement with the experimental AH"(1) value. 
Kirshenbaum's K(II1) values also led to an acceptable value for 
the enthalpy. All calculations using the BGP data did not give 
very good AH"(1) values. It should be noted that the direct 
determination of K(1) by Friedman and Shiner (ref. 2 )  gives a 
very good value for AH"(1). 
TABLE I1 
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TABLE I11 
THERMODYNAMIC QUANTITIES FOR REACTION [I] 
0 
2 5  
5 0  
7 5  
8 0  
100 
Data of Dennison I Data of Benedict I 
4 . 0 1 0  
4 . 0 1 0  
4 . 0 3 5  
4 . 0 8 6  
4 . 0 9 4  
4 . 1 0 8  
15.33 
33.15 
6 7 . 7 6  
1 0 6 . 5 1  
1 1 4 . 9 5  
1 3 2 . 6 0  
3 . 4 6 3  
3 . 5 2 2  
3 . 5 8 2  
3 . 5 9 3  
3 . 6 1 4  
AHo (I) 
5 9 . 8 2  
9 4 . 5 4  
1 2 9 . 1 9  
1 6 7 . 9 8  
1 7 6 . 4 3  
1 9 4 . 1 0  
*Units of AH are calories per mole. 
TABLE IV 
POWER SERIES CONSTANTS A, B, C FOR REACTION [l] 
AH'(I)* at 
298.15OK 
3 3 . 1 5  
9 4 . 5 4  
3 9 . 2 7  
2 1 . 0 6  
3 6 . 0 9  
6 5 . 8 1  
8 4 . 9 4  
1 0 0 . 6 3  
1 6 2 . 0 9  
5 0 . 0 7  
A 
- 1 7 4 . 3 2  
-113.15 
- 1 7 3 . 6 1  
-9 .56  
- 2 2 0 . 4 3  
- 3 5 8 . 0 0  
- 9 8 . 7 9  
2 3 0 . 7 1  
2 9 2 . 4 7  
7 3 . 2 4  
~~ 
B 
- 1 . 4 8 6  
- 1 . 3 9 9  
- 2 . 3 8 4  
- 2 . 6 1 3  
- 1 . 0 5 2  
- 2 . 5 0 6  
- 1 . 5 4 6  
- 3 . 9 7 7  
- 3 . 8 9 4  
- 3 . 0 5 1  
~ 
-. 
C 
- 2 . 3 2 2  
- 2 . 3 2 4  
- 3 . 1 4 6  
- 2 . 8 7 7  
- 4 . 1 0 1  
- 2 . 0 6 7  
- 6 . 3 7 0  l o m 4  
1 . 4 5 9  
1 . 4 6 2  
2 . 3 8 7  
Notes/ 
References 
a 
b 
2 (9) 
6 
7 
2 f  
8 
C 
d 
6 (e) 
*AH units are calories per mole. 
a, c = results of present calculations using the DD data 
b, d = results of present calculations usin the BGP data 
c, d, e = results based on Eqs. [59 ,  [SI, and 481 
g ,  f = ref. 2 ;  experimental and theoretical data, 
respectively 
All other entries were calculated from Eqs. [5] - [ 7 ] .  
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The results of the present calculations can be extended to 
additional isotopic equilibria. To accomplish this, the p.f. 
ratio 
for the liquid species is needed. This ratio can be calculated 
from the relation: 
where the ratio 
has been calculated previously in the temperature range of 
interest (ref. 22). 
Two important equilibria are 
The p.f. ratio 
was obtained as a function of temperature from an NBS monograph 
(ref. 23), whereas the ratios for the water species were obtained 
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from t h e  p r e s e n t  c a l c u l a t i o n s  r e s u l t i n g  from t h e  a p p l i c a t i o n  of 
t h e  DD d a t a .  K(14) and K(15) va lues  are given i n  Table V as a 
func t ion  of temperature .  
K(14) 
K(15) 
TABLE V 
E Q U I L I B R I U M  CONSTANTS K (14) AND K (15) 
4.340 1 4.780 4.000 I 3.449 I 3.049 I 3.982 I 
CONCLUSIONS 
The p r e s e n t  work w a s  performed wi th  t h e  i n t e n t  of c l a r i f y -  
i n g  some of t h e  e x i s t i n g  u n c e r t a i n t i e s  i n  t h e  va lue  of K ( 1 )  and 
t h e  problems a s s o c i a t e d  wi th  i t s  c a l c u l a t i o n .  The ERC c a l c u l a -  
t i o n s  agree  very w e l l  wi th  t h e  measured q u a n t i t y  A H o ( I )  and 
wi th  Pyper and Long's va lue  a t  25OC. The ERC r e s u l t s  a r e  a l so  
i n  f a i r  agreement wi th  t h e  measurements of Friedman and Shiner  
( r e f .  2 )  and hence lend  suppor t  t o  t h e  v a l i d i t y  of t h e  h ighe r  
va lue  of K ( 1 ) .  
Despi te  t h e  f a c t  t h a t  t h e  BGP s tudy  ( r e f .  1 0 )  was much more 
ex tens ive  than  t h e  ear l ie r  one by Dar l ing  and Dennison ( r e f .  9 ) ,  
it g i v e s  very l o w  K ( 1 )  va lues  and very  high AHo ( I )  va lues .  The  
reason f o r  t h i s  d i f f e r e n c e  has been t r a c e d  ( refs .  4, 11) t o  
d i f f e r e n c e s  i n  anharmonicity c o n s t a n t s  f o r  HDO w h i c h  r e s u l t s  i n  
s i g n i f i c a n t  d i f f e r e n c e s  between t h e  zero-poin t  ene rg ie s  f o r  t h e  
gaseous molecules .  Since t h e  HDO spectrum, by n e c e s s i t y ,  con- 
t a i n s  equ i l ib r ium q u a n t i t i e s  of H 2 0  and D 2 0 ,  it is  q u i t e  under- 
s t andab le  t h a t  t h e  f r equenc ie s  and molecular  c o n s t a n t s  f o r  HDO 
are t h e  l e a s t  r e l i a b l e  ( c f .  d i s c u s s i o n s  i n  r e f e r e n c e s  4 and 11). 
Dar l ing  and Dennison ( r e f .  9) d i d  n o t  observe t h e  HDO spec- 
t r u m  b u t  c a l c u l a t e d  t h e  r equ i r ed  molecular  c o n s t a n t s  by t h e  
usua l  methods based on t h e  H 2 0  and D 2 0  s p e c t r a .  The d i r e c t  
summation of  t h e  v i b r a t i o n  e n e r g i e s  does n o t  account f o r  t h e  
p r e s e n t  success  i n  t h e  c a l c u l a t e d  va lue  f o r  A H o ( I )  s i n c e  t h i s  
method has  a l s o  been app l i ed  t o  t h e  BGP d a t a .  
Weston ( r e f .  11) d i scussed  t h e  use  of o t h e r  e q u i l i b r i a  which 
would a i d  i n  t h e  choice  between t h e  m o r e  a c c u r a t e  spec t roscop ic  
d a t a .  For example, he c i tes  t h e  i s o t o p i c  e q u i l i b r i a  [14] f o r  
9 
which the foregoing equilibrium constant has been calculated 
here. Weston gives two references (refs. 24,25) in which K(14) 
was indirectly estimated to be 3.41 and 3.54 at 25OC. These 
values are in good agreement with those values calculated using 
the BGP data (ref. 11) but are not in particularly good agree- 
ment with the ERC value of 3.75 based on the DD data. According 
to Kirshenbaum (ref. 71, however, Grosse (ref. 26)  measured a 
value of 3.88 for K(14) at 25OC. Thus this important point needs 
further experimental confirmation. 
While the present calculations give acceptable results, it 
should be pointed out that Wolfsberg (ref. 27) has questioned 
the use of Eq. [ll], since he questions the usual assumption 
that the anharmonicity constants are invariant to isotopic sub- 
stitution. If this is true, E q .  [ll] cannot be used! to calculate 
the zero-point energies. 
~ ~- 
Electronics Research Center 
National Aeronautics and Space Administration 
Cambridge, Massachusetts, January 1969 
120-34-02-01 
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